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Coal combustion using the Chemical Looping technology can be carried out under different 
configurations. This paper focuses on the in situ gasification Chemical Looping Combustion 
(iG-CLC). In this technology, it is especially important the selection of the oxygen carrier as 
there may be losses in the drainage of coal ashes. Finding low-cost oxygen carriers has 
become a relevant research focus. Several Fe-based materials have been tested including 
minerals and industrial residues. In this work, a highly reactive iron ore that had already 
shown promising characteristics for coal combustion was used in a continuous 500 Wth CLC 
unit. Its performance in the combustion of anthracite, bituminous coal and lignite was 
evaluated and compared with the results for other Fe-based materials, such as ilmenite or 
bauxite waste. The combustion efficiency obtained with the Tierga iron ore was the highest 
reported to date which makes this carrier a promising candidate for further scale-up. 
Moreover, the high CaO content of this material led to analyze its relevance for sulphur 
removal during the first hours of operation. High sulphur retention capacity was observed but 
this capacity decreased with time as the calcium oxide was both saturated and lost as fines 
during operation.  
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According to IEA statistics, carbon dioxide emissions from fossil fuel combustion for heat 
and power production accounted for 41% of world CO2 emitted in 2008 [1]. The principal 
fuel used in this sector is coal, the most carbon-intensive of fossil fuels and its use is expected 
to become even more widespread in certain world regions. In order to mitigate the impact of 
CO2 emissions on climate change, CO2 Capture and Storage (CCS) emerged as an option to 
reduce CO2 emissions from the power sector by separating CO2 from the rest of combustion 
gases and storing it in a safe place. Thus CO2 emission to the atmosphere is avoided. Among 
the different CO2 capture technologies already investigated, this paper focuses on Chemical 
Looping Combustion (CLC). In this technology, the combustion of the fossil fuel takes place 
avoiding the direct contact between fuel and air. The presence of an oxygen carrier, normally 
a metal oxide, allows for the transfer of oxygen from air to fuel possible by means of a redox 
reaction. The oxygen carrier circulates between two reactors, called fuel and air reactors. The 
oxygen carrier is reduced in the fuel reactor and the oxygen transferred in this process 
oxidizes the fuel to CO2 and H2O. The reduced oxygen carrier is then conveyed to the air 
reactor, where it is oxidized back to the initial state. Then, the oxygen carrier is sent again to 
the fuel reactor to start a new redox cycle allowing the continuous combustion of the fuel.  
 
Different configurations have been described for CLC of coal, but most of them consider 
interconnected fluidized beds for fuel and air reactors. This paper is based on the in situ 
Gasification Chemical Looping Combustion (iG-CLC) [2]. According to the iG-CLC scheme, 
coal is introduced directly to the fuel reactor where it is gasified. Steam or CO2 or even 
mixtures of both are commonly used as gasifying agents. The following equations summarize 
the processes taking place: 
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Coal → Volatiles + Char ( C )                                                                                                (1) 
Char ( C )+ H2O → H2 + CO                                                                                                  (2) 
Char ( C ) + CO2 → 2 CO                                                                                                       (3) 
H2 + MxOy → H2O + MxOy-1                                                                                                                                                     (4)                         
CO + MxOy → CO2 + MxOy-1                                                                                                                                                   (5)                         
CH4 + 4 MxOy → CO2 + 2 H2O + 4 MxOy-1                                                                           (6)                         
The reduced oxygen carrier is then transferred to the air reactor where it is re-oxidized again: 
MxOy-1 + ½ O2 → MxOy                                                                                                           (7) 
 
The performance of the CLC technology can be evaluated by the carbon capture and 
combustion efficiency of the process. High values of carbon capture efficiency indicate that 
most of the carbon in the coal fed can be found in the gaseous stream at outlet of the fuel 
reactor and therefore captured. In order to maintain high carbon capture values, the transfer of 
carbon from fuel to air reactor should be minimized as the carbon dioxide emitted in the air 
reactor is not captured. Therefore, the residence time of char in the fuel reactor should be 
long enough for the char to be gasified [3-5]. To improve char conversion maintaining a 
reasonable reactor size, the use of a carbon separation unit was proposed [6], where 
unconverted char is separated from oxygen carrier particles and sent back to the fuel reactor.  
 
High combustion efficiency values are related to the absence of unburned compounds at the 
outlet of the fuel reactor. The combustion efficiency in iG-CLC is evaluated using the oxygen 
demand, which indicates the fraction of oxygen demanded by unconverted compounds 
exiting from the fuel reactor (CH4, H2 or CO) with respect to the oxygen required to burn the 
solid fuel. The oxygen demand would be directly related to the O2 requirements in a 
hypothetical oxygen polishing step downstream the fuel reactor [7]. The presence of 
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unconverted compounds in iG-CLC has been reported before in units ranging 0.5-100 kWth 
with different oxygen carriers and solid fuels [8-17] and represents both energy and CO2 
quality losses [18]. Recent investigations try to decrease the oxygen demand of the process, 
which includes optimization of operational conditions, design modifications or use of highly 
reactive materials [18-21]. Recently, a summary of experimental data obtained in different 
experimental units under different combustion conditions was presented by Gayán et al. [19]. 
The analysis of the data allowed them to evaluate the impact of the type of solid fuel, the 
oxygen carrier material and the solids inventory on the oxygen demand. The majority of the 
results that were considered used ilmenite as oxygen carrier. Ilmenite is a mineral found in 
methamorphic and igneous rocks. The principal constituent of ilmenite is FeTiO3. The 
oxygen demand values reported for ilmenite under different experimental conditions varied 
between 5-15%. Experimental results obtained in different CLC units with different oxygen 
carriers and different coals suggest that the use of oxygen carriers with higher reactivity than 
ilmenite (based on Ni or Fe) allowed reaching lower values of oxygen demand for the same 
solids inventory in the fuel reactor. Also, it was found that solid fuels with an important 
volatile content usually showed higher oxygen demand values. Theoretical calculations 
confirmed that the oxygen carrier reactivity notably influenced the oxygen demand [19-20].  
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On the other hand, being cost-competitive and easy to dispose are two features that become 
especially significant in an iG-CLC system burning coal. Depending on the ash content of the 
coal, it could be necessary to periodically drain the coal ashes from the CLC system. 
Otherwise, they would accumulate and generate operational problems. Therefore some 
oxygen carrier particles can be lost together with the ashes during this process and that is the 
reason to look for cheap and environmentally friendly materials. According to this, Fe-based 
materials represent a more interesting option for iG-CLC of coal. Although they are not as 
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reactive as metal oxides like NiO, they present the advantage of their low cost and non-toxic 
nature [2]. In many recent studies the oxygen carriers tested in iG-CLC units with coal were 
industrial residues and minerals [17,22-23].  
 
In the research group at Instituto Carboquimica ICB-CSIC different Fe-based materials have 
been tested as oxygen carriers for iG-CLC. Those tests included chemical and physical 
characterization of ilmenite, a bauxite waste generated in the alumina production through the 
Bayer process (Fe-ESF), an iron ore from a hematite mine in Tierga (Zaragoza, Spain) and a 
copper ferrite ore [24,25]. The Tierga iron ore and Fe-ESF showed promising characteristics 
compared to the other materials tested. Compared to ilmenite, a significant reduction of the 
oxygen demand was attained with the use of Fe-ESF in a continuous unit [22]. Based on 
previous results [24], the use of this Tierga iron ore for iG-CLC processes with coal could 
represent a significant improvement in the combustion efficiency and reduce the solids 
inventory needed without a high investment due to the high cost associated to reactive 
materials, as this material is available at low cost. The reactivity of this iron ore was similar 
to that of a synthetic Fe2O3-based oxygen carrier and even higher in the case of the reaction 
with hydrogen. The mechanical properties were also good, with high values of mechanical 
strength which were maintained through the successive redox cycles [24]. 
 
The aim of this work is to evaluate the highly reactive Tierga iron ore in relation to the 
combustion efficiency and carbon capture which could be reached using this material as 
oxygen carrier. Due to its CaO content, the Tierga iron ore could also be capable of retaining 
the sulphur compounds generated during coal combustion. This possibility will be also 
evaluated. Experimental work was performed in a continuous CLC unit using different types 
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of coal and results were compared with those previously obtained using ilmenite and Fe-ESF 
under similar conditions.  
 
2. Experimental 
2.1 Materials used 
The iron ore used as oxygen carrier in this work was provided by PROMINDSA from a 
hematite mine in Tierga (Zaragoza, Spain). The procedure to characterize this material has 
been described in detail elsewhere [24]. Once received, the iron ore was first crushed and 
sieved to the desired size (+100-300 µm). XRD diffraction identified as main solid phases 
hematite (Fe2O3), dolomite (CaMg(CO3)2) and SiO2. Prior to be used, the iron ore was 
calcined at 950ºC during 12 hours, so that the dolomite in the sample decomposes to CaO and 
MgO. The calcination of the material also increased the mechanical strength of the iron ore. 
Table 1 shows the main chemical and physical properties of the calcined material.  
 
Spanish anthracite from “El Bierzo”, bituminous Colombian coal “El Cerrejón” and Spanish 
lignite were used as fuel in the experiments. Table 2 shows the proximate and ultimate 
analyses of the coals together with the lower heating value. All of them were milled and 
sieved (+200-300 μm for lignite and Colombian coal and +75-300 μm for anthracite). The 
bituminous coal was subjected to a thermal pre-treatment for pre-oxidation (180ºC in air for 
28 hours) to avoid agglomeration of the fluidized bed due to its strong swelling tendency [9]. 
 
2.2 Experimental setup and procedure 
All the experiments were performed in a continuous unit (ICB-CSIC-s1). This experimental 
setup is shown in Figure 1 and consists of two fluidized bed reactors, fuel (1) and air (3) 
reactors, connected by another fluidized bed acting as loop seal (2). The fuel reactor is a 
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bubbling fluidized bed (50 mm ID and 200 mm bed height) where the coal (9) is fed at the 
bottom and just above the fuel reactor distributor plate. Steam is fed to the fuel reactor as 
fluidizing gas and also as the coal gasifying medium. The oxygen carrier is reduced in the 
fuel reactor bed by reaction with the gases generated during coal devolatilization/gasification 
and sent to the air reactor. The reduced oxygen carrier is re-oxidized in the air reactor (80 mm 
ID and 100 mm bed height). Secondary air was introduced above the bubbling bed to help 
entrainment along the riser (4). A high-efficiency cyclone (5) recovered the particles in a 
solid reservoir (7) which avoids mixing atmospheres between the fuel reactor and the riser. 
The solid flow returning to the fuel reactor was regulated by a solid valve (8) and the value of 
this flow could also be measured with a diverting solid valve (6). 
 
At the beginning of the experimental runs, 3.3 kg of Tierga iron ore were introduced into the 
CLC unit. The solids in the fuel reactor were around 0.6 kg. The steam flow to the fuel 
reactor was 200 LN/h, corresponding to a velocity of 0.14 m/s at 900ºC. Coal was fed at 85 
g/h. The oxygen carrier to fuel ratio (ϕ) is commonly used to compare the oxygen supplied by 
the circulating oxygen carrier to the oxygen needed to burn the fuel: 
SF
OCOC Rm
Ω
⋅= &φ  (8)
190 
191 
192 
193 
194 
195 
196 
Stoichiometric conditions correspond to values of ϕ equal to 1. These conditions were 
maintained throughout the tests by adjusting the value of the oxygen carrier circulation rate. 
In the air reactor the total primary air flow was 1800 LN/h (corresponding to a velocity of 
0.45 m/s at 900ºC). The secondary air flow was 480 LN/h. The sum of the primary and 
secondary air flow gives a gas velocity in the riser around 2 m/s. The nitrogen flow in the 
loop seal was 90 LN/h.  
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Lignite, anthracite and bituminous Colombian coal were used as fuels in the continuous unit 
with the Tierga iron ore. In these experiments, the fuel reactor temperature was changed 
between 875 to 930ºC. In the air reactor, the temperature was set to 950ºC. In total, the Tierga 
iron ore experienced around 50 hours of continuous hot fluidization and 30 hours of coal 
combustion. Solid samples from both fuel and air reactors have been extracted from the unit 
in order to analyze their composition and the effect of the time of operation on the properties 
of the oxygen carrier. Sampling bags were used to analyze the presence of C2-C4 
hydrocarbons in the outlet stream from the fuel reactor. Tar measurements were also 
conducted using the tar protocol [26]. 
 
The values of CO, CO2, and CH4 concentration at outlet of the fuel reactor were measured 
using nondispersive infrared (NDIR) analysers while a paramagnetic analyzer determined O2 
concentration and a thermal conductivity detector was used for H2. The H2S and SO2 
concentration at the outlet of the fuel reactor was monitored and registered in order to 
determine the fate of the sulphur liberated in coal combustion. SO2 concentration was 
determined using an infrared Siemens Ultramat 23 analyzer. For the determination of H2S, 
gas chromatograph (Varian 3400-CX GC) with a PORAPAK-Q packed column for 
chromatographic separation and a sulphur-specific flame photometric detector (FPD) was 
used. All data were collected by means of a data logger connected to a computer.  
 
2.3. Data evaluation 
The carbon capture efficiency (ηCC) has commonly been defined as the fraction of the carbon 
introduced converted to gas in the fuel reactor. The carbon converted is calculated from the 
CH4, CO and CO2 exiting the fuel reactor, as the amount of tars and hydrocarbons heavier 
than CH4 was negligible.                                             
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The carbon captured in the system is the carbon contained in the volatiles and the carbon in 
the char that is gasified. Thus, the carbon capture efficiency calculated according equation (9) 
depends on the fraction of char that has been gasified. The char conversion (Xchar) is defined 
as the fraction of carbon in the char formed in the fuel reactor which is released to the fuel 
reactor exhaust gas stream: 
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The gasified char in the fuel reactor was calculated as the difference between the carbon in 
the outlet gases of the fuel reactor and the carbon flow coming from the volatile matter, FC,vol. 
The carbon content in the volatiles is calculated using the ultimate and proximate analysis of 
the coal as the difference between the total carbon in coal and the fixed carbon.  Nevertheless, 
carbon losses as elutriated char particles at the outlet of the fuel reactor have been reported in 
different experimental units [19]. The fraction of carbon in the coal which is elutriated is 
calculated from the carbon mass balances to the system considering the difference between 
the carbon in the coal fed and the carbon measured in the gaseous stream at the outlet of the 
fuel reactor. The losses due to carbon elutriation may affect the value of carbon capture 
defined in equation (9), especially if the fraction of carbon elutriated is high. To overcome 
discrepancies on carbon capture efficiency due to the char elutriation, the use of an estimated 
carbon capture efficiency is here proposed, ηCC*. This parameter represents the expected 
carbon capture in the iG-CLC unit if no char was elutriated from the fuel reactor and assumes 
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that the char conversion would be the same in this case, as temperature is the most 
influencing variable affecting char gasification rate [27]. Thus, the value of the carbon 
capture can be estimated using the ultimate and proximate analysis of the coal and the char 
conversion obtained in the CLC unit, see equation (11). The value of Xchar is calculated using 
equation (10).  
 
)1(1* char
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The total oxygen demand (ΩT) is defined as the fraction of stoichiometric oxygen required to 
fully oxidize the unconverted gases exiting the fuel reactor to CO2 and H2O with respect to 
the stoichiometric oxygen demand of the coal fed. 
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The oxygen demand is linked to the reactivity of the oxygen carrier. This reactivity can be 
evaluated by the rate of oxygen transferred by the oxygen carrier in the CLC unit, (-rO). This 
rate is calculated as the oxygen gained in the oxygen-containing gases (CO, CO2 and H2O) 
divided by the amount of oxygen carrier in the fuel reactor (mOC,FR): 
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3.1 Testing with different coals 
Experiments with different types of coal such as lignite (L), bituminous with high volatile 
content (HVB) and anthracite (A) were performed in order to evaluate the potential of the 
Tierga iron ore as oxygen carrier. In all the experiments presented, stoichiometric conditions 
were maintained and different temperatures in the fuel reactor were tested in the range 875-
930ºC. In all the cases, steam was used as gasifying agent. Figure 2 summarizes the main 
results obtained showing the total oxygen demand and the carbon capture efficiency as 
representative parameters of the performance of the process. It is remarkable that in all the 
cases in Figure 2 (A) the total oxygen demand was always below 4%. The lowest values were 
obtained in experiments with the bituminous Colombian coal (HVB) and lignite.  Using these 
coals as fuels, the oxygen demand reached values lower than 2% at 920ºC. This result 
confirms that the Tierga iron ore is able to convert gasification products and volatile matter to 
CO2 and H2O to a large extent. Note that volatiles are the major contribution to unburned 
compounds in this unit, whose fuel reactor is in the bubbling regime [9]. However the oxygen 
demand in the experiments with anthracite was higher, although the volatile content in this 
coal was the lowest. This fact was attributed to the size of the anthracite particles (+75-300 
μm), considerably lower than that employed in the experiments with both lignite and 
Colombian coal (+200-300 μm). It has been already observed that the size of coal particles 
affect the oxygen demand. If the size of coal particles is low, the coal particles can leave the 
fuel reactor swept along the gaseous stream. These unconverted particles can be gasified in 
the freeboard of the fuel reactor due to the excess of steam present, yielding CO an H2. These 
gases can not react with the oxygen carrier particles and therefore, contribute to the increase 
in the oxygen demand [28].  
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Figure 2 (B) shows the values of carbon capture efficiency obtained for the experiments with 
different coals. Closed symbols represent the experimental values and open symbols 
represent the estimated carbon capture when no elutriation occurred. Differences were 
observed between the experimental values for carbon capture and those estimated in the 
absence of elutriation. The largest differences corresponded to the bituminous Colombian 
coal (up to 6 percentage points), although in the case of anthracite the elutriation was the 
highest due to the lower size of the anthracite particles. The differences between the 
experimental values and those estimated without elutriation are mainly attributed to the 
differences both in the fixed carbon content of the different coals and char conversion 
reached in each case. For the different coals tested, the values of carbon capture efficiency 
increased following the sequence: anthracite < bituminous Colombian (HVB) < lignite. The 
low carbon capture values obtained for the bituminous and anthracite coal were due to the 
low reactivity of these coals. This fact suggests the need of a carbon separation unit to 
increase the residence time of char particles in the fuel reactor, and hence the carbon capture. 
However, high carbon captures (94% at 920ºC) were reached with lignite with a solids 
inventory in the fuel reactor of 2023 kg/MWth. This solids inventory can be assumed for an 
iG-CLC system and the presence of a carbon separation unit could not be required in this 
case. 
3.2 Comparison with other low-cost Fe-based materials 
The main objective of the present work was to investigate the improvements on combustion 
that the use of the Tierga iron ore as oxygen carrier can bring to the iG-CLC process. This 
necessarily includes a comparison with other oxygen carriers recently proposed in literature. 
Among the Fe-based low-cost materials tested in continuous units, there are two that received 
especial attention, namely ilmenite and a Fe-enriched sand fraction from alumina production 
(Fe-ESF). Both the Fe-ESF material and ilmenite have been tested by the authors in this same 
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experimental unit [22]. Therefore, the results obtained with the Tierga iron ore will be 
compared to those obtained using ilmenite and Fe-ESF in the same CLC rig and for the same 
bituminous Colombian coal (HVB) [9,22].  The comparison will be based on the analysis of 
both the total oxygen demand and the carbon capture efficiency obtained under different 
temperatures in the fuel reactor. Stoichiometric conditions were considered in all the 
experiments (ϕ = 1). The values of total oxygen demand at different fuel reactor temperatures 
for ilmenite, Fe-ESF and the Tierga iron ore (Fe-ore) are presented in Figure 3 (A). The 
experiments were performed with a solids inventory in the fuel reactor of 3140 kg/MWth in 
the case of ilmenite, 2850 kg/MWth for the Fe-ESF material and 1463 kg/MWth for the Tierga 
iron ore. The total oxygen demand decreases with temperature for all oxygen carriers. 
However, lower values of oxygen demand were obtained using the Tierga iron ore regardless 
of the temperature, although a lower amount of solids per thermal power was used. In this 
case the oxygen demand was always lower than 3%. This could be explained by the higher 
reactivity of the Tierga iron ore to the main gases present in the fuel reactor (CO, H2, CH4), 
especially when compared to ilmenite [24]. In order to further compare the reactivity of this 
three oxygen carriers the rate of oxygen transfer (-rO) was calculated and shown in Figure 3 
(B). The rate of oxygen transferred from the oxygen carrier to the fuel increases as 
temperature increases. At 930ºC the value of (-rO) for Fe-ESF is 2.1·10-5 kg O2/s·kg oxygen 
carrier, around 1.5 times that obtained for ilmenite. At 920ºC, a slightly lower temperature, 
the rate of oxygen transferred from the Tierga iron ore was 3.4·10-5 kg O2/s·kg oxygen 
carrier, higher than the observed for the other two carriers although it was obtained with 
lower solids inventory. The faster oxygen transfer rates of the Tierga iron ore represent an 
important advantage compared to the other Fe-based materials and would significantly 
contribute to reduce the needs in the oxygen polishing step.  
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Another paramenter to be considered is the carbon capture efficiency. The experimental 
values for the different materials in the experiments with the bituminous Colombian coal are 
shown in Figure 4 (A). The values increased with temperature for the three oxygen carriers as 
char gasification is more favored at higher temperatures. There are not relevant differences 
between the values obtained for the three oxygen carriers. All of them oscillate between 42 
and 71%. According to equation (11), this indicates that the char conversion values obtained 
in these experiments with the different materials should be similar. The conversion values 
were calculated and resulted similar for ilmenite, the Fe-ESF and the Tierga iron ore. 
Nevertheless, considering the solids inventory and solid circulation rate in the experiments 
the residence time in the fuel reactor should be different for the three materials. The residence 
time assuming no elutriation was calculated as: 
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m
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The residence times for the Tierga iron ore, Fe-ESF and ilmenite ore resulted 7, 12 and 24 
minutes, respectively. Therefore, the Tierga iron ore particles allowed to reach similar char 
conversion values to those obtained with ilmenite although the time for the char to be 
converted was three times lower. In order to investigate this result, the char gasification rate 
of the bituminous Colombian coal in the experiments with the three oxygen carriers was 
calculated. 
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The char gasification rates obtained for this coal were plotted in Figure 4 (B). As expected, 
the gasification was favored at the highest temperatures and higher gasification rates were 
observed. Nevertheless, the gasification of the char was around four times faster in the 
experiments with the Tierga iron ore compared to ilmenite. The previously highlighted 
differences in the reactivity of both materials can explain this behavior. The Tierga iron ore 
reacts faster than ilmenite with the CO and H2 generated during char gasification. The 
decrease in the concentration of these gases reduces their inhibition effect on char 
gasification, thus the gasification proceeds faster [29]. It can be considered that the 
gasification of the char can be described by the homogeneous reaction model with chemical 
reaction control: 
 
prodprodreactreact
reactreact
C pKpK
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r ⋅+⋅⋅+
⋅=−
1
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where preact is the partial pressure of the gaseous reactants (H2O in this case),  pprod is the 
partial pressure of the gasification products (CO and H2) and kreact is the kinetic constant. Ki 
considers the inhibitory effect of products and reactants in gasification. Values for this 
bituminous Colombian coal were determined in a previous work [30]. The gasification rate 
for the bituminous Colombian coal was calculated according to equation (16) using the 
values of preact and pprod measured at 920ºC with the three Fe-based materials at the outlet of 
the fuel reactor. The comparison with the experimental values in Figure 4(A) is presented in 
Figure 5 as a function of the sum of CO and H2 concentrations in the outlet stream. The 
highest concentration of these gases was observed for ilmenite followed by the Fe-ESF 
material and the Tierga  iron ore. The higher the concentration of these gases the lower the 
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char gasification rate. This experimental trend was captured by the kinetic expression in 
equation (16). According to Figure 5 good agreement between experimental and theoretical 
values was observed. Therefore, the Tierga iron ore minimizes the inhibition effect of CO and 
H2 on gasification and the gasification proceeds faster. Thus, similar char conversion to 
ilmenite can be attained with shorter residence time and therefore, lower solids inventory. 
This represents a significant advance in the scale-up of the process, as lower solids 
inventories allow smaller reactor sizes. 
 
In a real CLC system, the carbon capture efficiency will be enhanced by the presence of a 
carbon separation unit [6]. In this unit, the unconverted char particles leaving the fuel reactor 
are separated from the oxygen carrier particles and returned back to the fuel reactor. The char 
conversion obtained is higher compared to that in the absence of this unit and therefore, 
higher carbon capture efficiencies are achieved. For a more realistic comparison of the carbon 
capture efficiencies that would be obtained using each of the low-cost Fe-based materials, a 
simple calculation was done from the experimental results based on the char gasification rate 
(-rc) obtained at the corresponding temperature and the carbon separation efficiency in the 
carbon separation unit (ηCSS) [24]. The efficiency in the carbon separation unit is defined as 
the fraction of carbon separated in this unit compared to carbon entering the unit: 
 
)1()(
)1(
1
, CSSOCFRsC
CSSOC
coal
fixed
CC Fmr
F
C
C
η
ηη −⋅+⋅−
−⋅⋅−=                                                           (17) 404 
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Figure 6 shows the carbon capture efficiencies estimated for the three oxygen carriers at 
920ºC for different ηCSS values. As it was known, the carbon capture efficiency increased 
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with the value of the efficiency in the carbon separation unit. The differences between 
oxygen carriers are reduced with the increase in the ηCSS value. The carbon capture efficiency 
was higher than 97% for all the carriers assuming ηCSS equal to 0.98. This efficiency of the 
carbon separation unit was easily reached during operation in a 100 kWth CLC unit [31]. 
Therefore no significant differences in the carbon capture efficiencies will be expected 
between ilmenite, Fe-ESF and the Tierga iron ore if an efficient separation of the unconverted 
char from the oxygen carrier particles is performed at the outlet of the fuel reactor and the 
unconverted char is sent back to this reactor. Considering the results obtained in similar 
conditions for ilmenite, Fe-ESF and the Tierga iron ore it can be said that the Tierga iron ore 
is the most promising material to be considered for iG-CLC. The Tierga iron ore presents 
higher reactivity to H2 and CO than ilmenite and Fe-ESF, which results in very low values of 
oxygen demand at the outlet of the fuel reactor with lower solids inventory. Besides, using a 
carbon separation unit between fuel and air reactors, the carbon capture efficiency at high 
temperatures can be significantly increased.  
 
Other characteristics also make the Tierga iron ore a suitable material to be considered for the 
further scale up of the iG-CLC process. Figure 7 shows the evolution of the attrition rate of 
the Tierga iron ore with time. The attrition rate was calculated as the mass percentage of 
particles with a size smaller than 40 µm lost per hour of operation. At the beginning of the 
experimental tests, the attrition rate was high, around 0.7%/min, but after 4.5 hours of 
continuous hot fluidization, it decreased to a value close to 0.1%/h.  This attrition rate was 
approximately maintained through the rest of the experiments using different coals and 
corresponds to a lifetime of the oxygen carrier of 1000 h, which can be considered adequate 
if one takes into account its very low cost. Besides, the mechanical strength of the particles 
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after use was significantly high (2.3 N). These characteristics of the Tierga iron ore together 
with its reactivity reinforce its adequacy for the use in iG-CLC.  
 
These results obtained in the ICB-CSIC-s1 unit allow to screen out materials to be tested in 
larger scale units.  It was proved that lower oxygen demand values can be obtained with the 
Tierga iron ore compared to other promising candidates like ilmenite and it also possesses 
good mechanical properties. Similar behaviour would be expected in semi-industrial scale 
units. 
 
3.4 Sulphur retention capacity of the Tierga iron ore 
According to the XRD analysis in Table 1, the main solid phases in the Tierga iron ore used 
in this work are Fe2O3 together with SiO2, Al2O3, CaO and MgO. An ICP analysis was carried 
out in order to quantify the amount of each of the components. Table 3 presents the results for 
the composition of the Tierga iron ore. The amount of Fe2O3 obtained by ICP is slightly 
higher than that showed in Table 1. It should be reminded that the Fe2O3 percentage in Table 
1 corresponds to the amount of iron reducible species able to take part in chemical looping 
processes and was determined in a TGA using 15% H2 at 950ºC. The CaO content of the 
Tierga iron ore in Table 3 is especially high (4.7%). This fact could turn quite interesting for 
CLC regarding the quality of the CO2 captured in the fuel reactor. Once the fuel is fed to the 
fuel reactor bed, the sulphur in coal is split between volatiles and char. The main sulphur 
species in volatiles is H2S, which can react with oxygen carrier particles yielding SO2. High 
temperatures seem to enhance the conversion of H2S to SO2, so that a mixture of both species 
can be found in the gaseous outlet stream of the fuel reactor [11]. The presence of sulphur 
compounds negatively affects the quality of the CO2 as they cause corrosion problems 
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downstream. The CaO present in the Tierga iron ore could react with the H2S and SO2 
formed during combustion according to the scheme: 
 
CaO + H2S → CaS + H2O                                                                                                     (18) 
4 CaO + 4 SO2 → CaS + 3 CaSO4                                                                                        (19) 
 
Therefore, the presence of sulphur compounds at the outlet of the fuel reactor could be 
already reduced and controlled by the oxygen carrier which would represent a significant 
advantage. Thus, it was considered interesting to further investigate the possible sulphur 
retention capacity of this Tierga iron ore in iG-CLC experiments. For this purpose, Spanish 
lignite with high sulphur content was used as fuel during the first hours of operation after the 
introduction of the calcined Tierga iron ore into the system. The temperature in the fuel 
reactor during these experiments remained at 915ºC. 
 
Figure 8 shows the evolution of the SO2 concentration (dry basis) in the fuel reactor working 
at 915ºC. At the beginning of the experiment, no SO2 was measured at the outlet of the fuel 
reactor. The absence of SO 2 was interesting as it indicates that the CaO present in the Tierga 
iron ore was able to react with SO2 and eliminate it from the gaseous stream. Several 
measurements were performed afterwards. These measurements showed that the SO2 
concentration increased with time quite fast during the first 2.5 hours of operation. After that 
moment, the SO2 concentration continued to increase, although at slower rate and at the end 
of the experimental test, there was a trend to become stable at around 15000 ppm (dry basis). 
The capacity of the Tierga iron ore to retain sulphur decreases quite fast and can be 
considered lost after 4-5 hours. Considering the coal feeding rate (85 g/h) and the sulphur 
content in the lignite showed in Table 2, the molar flow of sulphur fed was estimated as 0.14 
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mol/h. On the other hand, the amount of CaO in the system can be estimated as 2.77 mol Ca. 
According to equations (18) and (19), the molar ratio for the reaction between CaO and 
sulphur species is Ca/S=1. Using these values, the time expected for complete conversion to 
CaS or CaSO4 of the CaO in the Tierga iron ore would be 20 hours. This would correspond to 
an effective CaO concentration in the iron ore circulating in the system 8 times lower, i.e. 
around 0.6% CaO. There would be several reasons for this fast decrease in the sulphur 
retention capacity of the Tierga iron ore. There could be a low use of the CaO present in the 
Tierga iron ore or maybe the CaO was lost during the combustion process.  
 
In order to further investigate the reasons for this fast decrease, several samples, labelled A, B 
and C in Figure 8 were taken from the fuel reactor bed at different times (0.5, 2 and 5 hours, 
respectively). X-Ray diffractograms corresponding to these samples were obtained and 
compared to the calcined Tierga iron ore. The crystalline species initially identified in the 
Tierga iron ore were Fe2O3, SiO2, Al2O3, CaO and MgO. In both samples A and B, the major 
species were SiO2, Fe2O3 and Fe3O4. However, in sample C, the presence of CaSO4 was 
detected. It seems that after 5 hours the CaO in the oxygen carrier had been converted to 
CaSO4 in a significant extent and is not able to react with SO2 any more. These fresh and 
used particles were also observed using a Scanning-Electron-Microscope (SEM) equipped 
with an EDX analyzer. Figure 9 shows the Fe, Ca and Mg profiles in fresh and used particles. 
In the fresh particle it can be observed that after calcination Ca and Mg concentrate in the 
external surface of the iron ore particles. The core of the particle is mainly constituted by Fe. 
After operation in the continuous unit, it can be observed that the external surface of the 
Tierga iron ore particles is not more Ca and Mg enriched. It seems that some Ca and Mg 
present in particles are lost during operation. To check this loss, the fines escaping the 
cyclone obtained during 50 hours of operation were collected and characterized. Previously 
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to the introduction of lignite, the Tierga iron ore experienced 9 hours of hot fluidization. The 
X-Ray diffractograms of the fines collected during this time revealed the presence of SiO2, 
Fe2O3 and CaO, confirming that CaO in the oxygen carrier particles was lost in the fines, 
maybe due to its lower mechanical strength compared to Fe2O3. When lignite was fed, the 
presence of CaSO4 and CaS was also observed in the fines collected.  
 
According to the previous results, it can be concluded that the retention of sulphur 
compounds by the Tierga iron ore is possible but decreases after a short time of operation. 
Both the conversion of CaO in the Tierga iron ore to CaS or CaSO4 and the loss of Ca and 
Mg in the surface of the iron ore particles lead to a fast decrease in the SO2 retention by the 
oxygen carrier. It can be considered that the steady state in the experiments with lignite 
showed in Figure 8 was reached after 5 hours feeding coal (sample C). Under steady state, no 
more SO2 retention by CaO was observed. This can be confirmed when the sulphur emissions 
measured at the gaseous outlet from the fuel and air reactors are compared to the sulphur 
measured using this same lignite and ilmenite as oxygen carrier [11]. Figure 10 shows the 
sulphur distribution with respect to the total sulphur fed obtained for both ilmenite and the 
Tierga iron ore at 910 and 915ºC, respectively. In the experiments with the Tierga iron ore, 
once the steady state was reached, around 75 % of the sulphur fed with lignite was released in 
the gaseous streams from both fuel and air reactors. In the fuel reactor, mainly SO2 was 
measured and only small amounts of H2S were registered (H2S/SO2 molar ratio around 0.25). 
In the air reactor, SO2 was the only sulphur species found. This result was similar to what 
was previously determined for ilmenite, therefore it can be said that the Tierga iron ore is not 
retaining any SO2 under these conditions. As it was explained in our previous experiments 
with ilmenite, the rest of the sulphur fed and not measured in the experiments with the Tierga 
iron ore can be retained by the CaO present in the ashes of this lignite (up to 15%), lost 
 22
531 
532 
533 
534 
535 
536 
537 
538 
539 
540 
541 
542 
543 
544 
545 
546 
547 
548 
549 
550 
551 
552 
553 
554 
555 
together with the fly ashes (pyritic sulphur) (up to 4.6%) or lost in the coal elutriated during 
the feeding to the system [11].  
 
If some of the SO2 formed could be eliminated in situ in the fuel reactor bed the needs of the 
post-treatment of the fuel reactor gas in a desulphurization unit would be reduced. In order to 
maintain the sulphur retention capacity of the oxygen carrier in the system at a certain level, a 
frequent addition of fresh material would be necessary. However, the advantage of the Tierga 
iron ore used in this study is that it is a low-cost material, available in large quantities. This 
would compensate the need for a frequent replacement. Some calculations were done to 
determine the order of magnitude of the sulphur retention that could be achieved. The 
calculations considered 1 MW thermal power of lignite. As a reference, a solids inventory in 
the fuel reactor of 1000 kg/MWth was taken into account. Then, it is estimated that the total 
inventory in the system considering both the solids in loop seal and air reactor would be 2000 
kg. Following the results in Figure 7 the lifetime of the carrier was estimated to 1000 h. Thus, 
in order to maintain the solids inventory, a makeup flow of Tierga iron ore of 2 kg/h would 
be needed. This corresponds to the feed of 4.7·10-4 mol/s of CaO. The sulphur introduced in 1 
MWth power of lignite is around 0.1 mol/s, thus the Ca/S ratio would be 0.0047, 
corresponding to approximately 0.5% sulphur retention, which is actually quite low. Similar 
calculations to those described above were performed assuming different lifetimes of the 
Tierga iron ore. The results are shown in Figure 11 (A) as a solid line. It can be observed that 
the sulphur retention increased as the lifetime decreased. Nevertheless, too much frequent 
replacements of the Tierga iron ore would be needed in order to achieve significative sulphur 
retentions. As an example, 5% sulphur retention would be obtained for a lifetime of 100 h 
using lignite as fuel. Considering the quick loss of CaO during the first hours of operation 
lower retention values could be expected. The dashed line in Figure 11 (A) represents the 
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sulphur retention expected considering the reacted CaO during the experiments, i.e. 0.6%. 
The real situation could be between those curves. Besides, the sulphur retention for the three 
coals used in this work (lignite, bituminous Colombian coal and anthracite) was estimated in 
Figure 11 (B). Obviously, the coal with lowest sulphur content achieved the highest sulphur 
retentions. This was the case of the bituminous coal. In order to reach 54% sulphur retention 
a lifetime of the particles of 100 h was required. Although the Tierga iron ore showed sulphur 
retention capacity, too high makeup flows would be required and would make the process not 
viable due to the short lifetime of the Tierga iron ore in the system.  
 
In order to check if the high sulphur content in the combustion gases affected the Tierga iron 
ore reactivity some experiments in a TGA using 15% H2 at 950ºC were performed. Figure 12 
shows the evolution of the reduction conversion with time. It has already been observed 
before that the reactivity of the Tierga iron ore increased with the number of redox cycles 
[24]. In Figure 12 the conversion curves for calcined and activated samples have been 
included as reference. After 50 hours of hot fluidization during the experiments presented in 
this work the Tierga iron ore increased its reactivity with time. The final value was close to 
that of the activated sample. Therefore, no reactivity changes were detected. 
 
4. Conclusions 
 
A highly reactive iron ore mainly based on hematite was tested as oxygen carrier in a 500Wth 
continuous CLC unit as an alternative to other low-cost Fe-based materials proposed in 
literature for the iG-CLC process. Experiments were performed using different coals, such as 
lignite, bituminous Colombian coal and anthracite in the 875-930ºC interval. 
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The total oxygen demand using the Tierga iron ore was always below 4% for all the fuels. 
Values lower than 2% were obtained with the bituminous coal or the lignite at the highest 
temperature tested. As expected, the values of carbon capture efficiency increased for lower 
rank coals reaching values around 45%, 57% and 94% for anthracite, bituminous coal and 
lignite, respectively. 
 
When compared to ilmenite and bauxite waste (Fe-ESF), lower values of oxygen demand 
were obtained using the Tierga iron ore regardless of the temperature. No significant 
differences in the carbon capture efficiencies and values higher than 95% will be expected for 
ilmenite, Fe-ESF and Tierga iron ore if an efficient carbon separation unit between fuel and 
air reactor is used. 
 
An especial characteristic of this Tierga iron ore was the high CaO content (4.7%) that could 
contribute to retain in situ the SO2 generated in the fuel reactor during coal combustion. The 
Tierga iron ore was capable of retaining the SO2 generated but too high makeup flows would 
be required in order to maintain the retention capacity.  
 
No changes in the reactivity of the iron were observed after 50 hours of continuous hot 
fluidization, the attrition rate was moderate (0.1%/h) and the mechanical strength was 
maintained. Therefore this Tierga iron ore can be considered as an advantageous material to 
be used in the further scale-up of the iG-CLC process. 
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Cfixed: percentage of fixed carbon (%) 
Ccoal: carbon percentage in coal (%) 
F : carbon dioxide molar flow in the air reactor (mol/s) ARCO ,2
Fi, FR: i species molar flow in the fuel reactor inlet/outlet stream (mol/s)  
FC,vol: carbon flow from the volatile matter (mol/s)  
Ki: constant considering the inhibitory effect in equation (16) 
kreact: kinetic constant in equation (16) 
MO: molar mass of oxygen (0.016 kg/mol) 
2O
M : molar mass of molecular oxygen (0.032 kg/mol) 
OCm& : solid circulation rate (kg/s)  
SFm& : coal feeding rate (kg/s) 
mOC,FR: mass of oxygen carrier in the fuel reactor (kg) 
ms,FR: mass inventory in the fuel reactor (kg oxygen carrier/MWth) 
pprod: partial pressure of the gasification products (CO and H2) (bar) 
preact: partial pressure of the gaseous reactants (bar) 
(-rC): instantaneous rate of char conversion (s-1) 
(-rO): rate of oxygen transferred from the oxygen carrier to the fuel (mol/s) 
ROC: oxygen transport capacity  
tres: residence time in the fuel reactor (s) 
Xchar: char conversion 
Greek symbols 
φ : oxygen carrier to fuel ratio 729 
730 
ΩT: total oxygen demand 731 
ΩSF: coal oxygen demand (kg oxygen/kg coal) 
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ηCC: carbon capture efficie
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ηCSS: carbon separation efficiency in the carbon separati
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Figure 1. Experimental unit ICB-CSIC-s1 
Figure 2. (A) Oxygen demand and (B) carbon capture efficiency (Closed symbols (ηCC) and 
open symbols (ηCC*)) dependence on temperature in experiments with lignite (L), bituminous 
Colombian coal (HVB) and anthracite (A) at different TFR using Tierga iron ore as oxygen 
carrier. Conditions: φ = 1; L = 2023 kg/MWth; HVB = 1463 kg/MWth; A = 2847 kg/MWth; 
Figure 3. (A)Total oxygen demand and (B) rate of oxygen transferred dependence on 
temperature in experiments with a bituminous Colombian coal (HVB) at different TFR using 
ilmenite, Fe-ESF material (data in [22], oxygen demand recalculated) and Tierga iron ore 
(Fe-ore). Conditions: φ = 1; Ilmenite: 3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron 
ore: 1463 kg/MWth 
Figure 4. (A) Carbon capture efficiency and (B) char gasification rate dependence on 
temperature in experiments with a bituminous Colombian coal (HVB) at different TFR using 
ilmenite, Fe-ESF material [22] and Tierga iron ore (Fe-ore). Conditions: φ = 1; Ilmenite: 
3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron ore: 1463 kg/MWth 
Figure 5. Comparison of experimental and theoretical values for the char gasification rate of 
the bituminous Colombian coal (HVB) in the experiments with ilmenite, the Fe-ESF material 
and Tierga iron ore at 920ºC as function of the CO+H2 concentration at the outlet of the fuel 
reactor. Conditions: ϕ = 1; Ilmenite: 3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron ore: 
1463 kg/MWth 
Figure 6. Estimated values of the carbon capture efficiency at 920ºC with a bituminous 
Colombian coal (HVB) for different values of the efficiency in the carbon separation unit 
(ηCSS). Conditions: ϕ = 1; Ilmenite: 3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron ore: 
1463 kg/MWth 
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Figure 7. Evolution with time of the attrition rate in the experiments using Tierga iron ore 
and different coals as fuel: anthracite (A), bituminous Colombian coal (HVB) and lignite (L). 
Figure 8. Evolution with time of the SO2 concentration in the fuel reactor in experiments 
with lignite and Tierga iron ore at 915ºC. A, B and C indicate the measurements which were 
accompanied by sample taking: A = 0.5 h; B = 2 h; C = 5 h. 
Figure 9. SEM images of the Tierga iron ore particles after calcination and after used in the 
continuous unit during 50 hours of hot fluidization 
Figure 10. Sulphur splitting in experiments with ilmenite and Tierga iron ore: FRg (fuel 
reactor gas outlet) ARg (air reactor gas outlet) Pyr (pyritic sulphur in ashes) Ash (self-
retention by ashes) 
Figure 11. Sulphur retention (%) for different lifetimes of the Tierga iron ore (1 MWth) (A) 
using ilmenite as fuel (B) using different fuels and CaO = 4.7% 
Figure 12. Conversion for the Tierga iron ore during reduction versus time after 50 hours of 
hot fluidization in the continuous unit. Conditions: 15 % H2 at T = 950ºC 
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Figure 1. Experimental unit ICB-CSIC-s1 
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Figure 2. (A) Oxygen demand and (B) carbon capture efficiency (Closed symbols (ηCC) and 
open symbols (ηCC*)) dependence on temperature in experiments with lignite (L), bituminous 
Colombian coal (HVB) and anthracite (A) at different TFR using Tierga iron ore as oxygen 
carrier. Conditions: φ = 1; L = 2023 kg/MWth; HVB = 1463 kg/MWth; A = 2847 kg/MWth; 
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Figure 3. (A)Total oxygen demand and (B) rate of oxygen transferred dependence on 
temperature in experiments with a bituminous Colombian coal (HVB) at different TFR using 
ilmenite, Fe-ESF material (data in [22], oxygen demand recalculated) and Tierga iron ore 
(Fe-ore). Conditions: φ = 1; Ilmenite: 3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron 
ore: 1463 kg/MWth 
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Figure 4. (A) Carbon capture efficiency and (B) char gasification rate dependence on 
temperature in experiments with a bituminous Colombian coal (HVB) at different TFR using 
ilmenite, Fe-ESF material [22] and Tierga iron ore (Fe-ore). Conditions: φ = 1; Ilmenite: 
3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron ore: 1463 kg/MWth 
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Figure 5. Comparison of experimental and theoretical values for the char gasification rate of 
the bituminous Colombian coal (HVB) in the experiments with ilmenite, the Fe-ESF material 
and Tierga iron ore at 920ºC as function of the CO+H2 concentration at the outlet of the fuel 
reactor. Conditions: φ = 1; Ilmenite: 3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron ore: 
1463 kg/MWth 
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Figure 6. Estimated values of the carbon capture efficiency at 920ºC with a bituminous 
Colombian coal (HVB) for different values of the efficiency in the carbon separation unit 
(ηCSS). Conditions: φ = 1; Ilmenite: 3140 kg/MWth; Fe-ESF: 2850 kg/MWth; Tierga iron ore: 
1463 kg/MWth 
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Figure 7. Evolution with time of the attrition rate in the experiments using Tierga iron ore 
and different coals as fuel: anthracite (A), bituminous Colombian coal (HVB) and lignite (L). 
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Figure 8. Evolution with time of the SO2 concentration in the fuel reactor in experiments 
with lignite and Tierga iron ore at 915ºC. A, B and C indicate the measurements which were 
accompanied by sample taking: A = 0.5 h; B = 2 h; C = 5 h. 
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Figure 9. SEM images of the Tierga iron ore particles after calcination and after used in the 
continuous unit during 50 hours of hot fluidization 
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Figure 10. Sulphur splitting in experiments with ilmenite and Tierga iron ore: FRg (fuel 
reactor gas outlet) ARg (air reactor gas outlet) Pyr (pyritic sulphur in ashes) Ash (self-
retention by ashes) 
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Figure 11. Sulphur retention (%) for different lifetimes of the Tierga iron ore (1 MWth) (A) 
using ilmenite as fuel (B) using different fuels and CaO = 4.7% 
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Figure 12. Conversion for the Tierga iron ore during reduction versus time after 50 hours of 
hot fluidization in the continuous unit. Conditions: 15 % H2 at T = 950ºC 
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Tables 1001 
1002 Table 1. Characterization of the iron ore after calcination 
Fe2O3 (% wt) 76.5a 
XRD main phases Fe2O3, SiO2, Al2O3, CaO, MgO,  
Crushing strength (N) 5.8 
Oxygen transport capacity, ROC, (%)b 2.5 
Porosity (%) 26.3 
Skeletal density (kg/m3) 4216 
Specific surface area, BET (m2/g) 1.4 
1003 a Determined by TGA 
1004 
1005 
1006 
1007 
1008 
1009 
1010 
1011 
1012 
1013 
1014 
1015 
1016 
1017 
1018 
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Table 2. Ultimate and proximate analyses of the coals used as fuels (as received) 1019 
1020  
 Anthracite Bituminous Lignite 
Proximate analysis    
Moisture 1.0 2.3 12.5 
Ash 31.5 8.8 25.2 
Volatile matter 7.5 33.0 28.6 
Fixed carbon 59.9 55.9 33.6 
Ultimate analysis    
Carbon 60.7 65.8 45.4 
Hydrogen 2.0 3.3 2.5 
Nitrogen 0.9 1.6 0.6 
Sulfur 1.3 0.6 5.2 
Oxygena 2.7 17.9 9.9 
LHV (kJ/kg) 21878 21900 16251 
a By difference 1021 
1022 
1023 
1024 
1025 
1026 
1027 
1028 
1029 
1030 
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1031 Table 3. Composition of the iron ore determined by ICP  
Compound % wt 
Al2O3 4.0 
CaO 4.7 
Fe2O3 78.8 
K2O 1.1 
MgO 3.0 
Na2O 0.1 
SiO2 8.2 
TiO2 0.1 
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